Durability issues have been an obstacle for superhydrophobic coating applications for a long time. Here, we report the modification of anhydrite whiskers that can be used for the fabrication of superhydrophobic coatings with high durability. Anhydrite whiskers with core/shell structures are prepared via hydrolysis and condensation processes of tetraethyl orthosilicate (TEOS) followed by silane modification. Modified anhydrite whiskers were examined by field emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM), Fourier transform infrared (FT-IR) spectroscopy, X-ray powder diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). The results indicate that anhydrite whiskers exhibit an obviously hydrophobic quality after modification, reaching a contact angle of up to 123 . The thickness of the surface modification layer is 10-20 nm. The modified anhydrite whiskers were used to fabricate a superhydrophobic coating. Modified anhydrite whiskers create a rough structure on the glass substrate surface. This roughness develops a Cassie-Baxter regime, enhancing the superhydrophobicity of the coating. The water contact angle of the coating is above 150 . This method is expected to apply to similar materials for the fabrication of durable superhydrophobic coatings.
Introduction
Superhydrophobic surfaces are eagerly anticipated for use in applications such as self-cleaning coatings, 1-5 non-wetting fabrics, 6, 7 and anti-icing and anti-fogging surfaces. 8 A superhydrophobic coating is usually fabricated by coating with a layer of low surface energy materials on the substrate surface constructed with a similar surface morphology to that of lotus leaves. However, a superhydrophobic coating can easily lose its superhydrophobic properties due to wear. [9] [10] [11] It is of great signicance for practical applications to carry out research on enhancing the wear robustness of superhydrophobic coatings.
The calcium sulfate whisker is a typical high strength, energy-saving, low cost and environmentally friendly material widely applied as a ller in composites. [12] [13] [14] [15] The calcium sulfate whisker exists as three types: dehydrate, hemihydrate, and anhydrite. Among the three types, the anhydrite whisker has the best physical and chemical performance. Compared with the dehydrate whisker and the hemihydrate whisker, the anhydrite whisker has higher thermal and chemical stability. In the past few decades, whiskers have been applied widely as llers in the areas of plastics, 16 rubbers, 17, 18 paper making, 19 ceramics, 20 etc. However, whiskers have not been used for designing superhydrophobic coatings. In fact, the calcium sulfate whisker is a promising building material for the design of superhydrophobic coatings. In our study, anhydrite whiskers were modied by hydrolysis and condensation with tetraethyl orthosilicate (TEOS). The anhydrite whisker surface was coated with a -Si-O-Sinetwork aer being modied with TEOS, and the resulting surface was modied with octadecyl trichlorosilane (OTS). Modied anhydrite whiskers showed good hydrophobic character and low surface energy. The superhydrophobic coating was fabricated via a facile approach using hydrophobic anhydrite whiskers. This method could be a potential approach for the large-scale production of durable superhydrophobic coatings with brous materials.
Experimental

Materials
All chemicals in the present work were used as received without further purication. The CaSO 4 $2H 2 O was supplied by Sinopharm Chemical Reagent Co., Ltd.; absolute ethanol was purchased from Tianjin chemical reagent plant; ammonia (NH 3 , 25% in water, A.R.), tetraethyl orthosilicate (TEOS), octadecyl trichlorosilane (OTS), cyclohexane and methylene blue were obtained from Aladdin Industrial Corporation. The glass paint (K2O8-SO100), thinner (830-0006) and hardener (205-1100) were purchased from JiangMen Pule Chemical Co. Ltd.
Surface modication of anhydrite whiskers
The synthesis of anhydrite whiskers was carried out as reported in our previous work. 21 2 g of anhydrite whiskers was dispersed in 80 mL absolute ethanol and 20 mL distilled water under ultrasonication for 2 min. Then, 1.5 mL ammonium hydroxide and 1 mL TEOS were added into the as-prepared dispersion and stirred for 10 h. The slurry was ltered off and washed with distilled water. The product was dispersed in 100 mL cyclohexane, and 0.06 g OTS was added into the slurry of anhydrite whiskers and stirred for 3 h. The anhydrite whisker suspension was ltered and washed with cyclohexane to remove excessive OTS. The nal sample was then dried at 100 C for 1 h.
Superhydrophobic coating fabrication
In order to know if the modied anhydrite whiskers could be potentially used in practical superhydrophobic coatings, commercial paint was chosen as an experimental material. 0.5 g glass paint, 10 g thinner and 0.2 g hardener were mixed into a homogeneous solution and centrifuged to obtain the supernatant. 0.5 g modied anhydrite whiskers and 0.03 g OTS were added into the supernatant, and they were subjected to ultrasonication for 10 min. Then, some of the obtained suspension was dropped onto a glass substrate. The slurry owed over the substrate and evenly coated the glass substrate. The obtained glass substrate was dried and a superhydrophobic coating was fabricated on the glass substrate.
Characterization
The water contact angle was measured with instrument DSA30, Kruss, Germany by dropping deionized water (3 mL) on the coating surface on ve different spots. The average of ve measurements was used as the contact angle result. Characterization of the morphology of the anhydrite whiskers was observed using a eld emission scanning electron microscope (FESEM, SU8010, Japan). TEM images were obtained on a scanning transmission electron microscope (TEM, JEM-2100, Japan). The crystal structures of the anhydrite whiskers were determined by X-ray powder diffraction (XRD, X'PRO Pert, Netherlands). The surface functional groups and chemical composition of the sample were characterized using Fourier transform infrared spectrophotometry (FT-IR, NEXUS, USA) and X-ray photoelectron spectroscopy (XPS, Thermo escalab 250Xi, USA), respectively.
Results and discussion
Characterization of the anhydrite whiskers
The morphology of the anhydrite whiskers is shown in the SEM images (Fig. 1a ). The surface of the anhydrite whiskers is smooth. The inset in Fig. 1a shows that the water droplet can quickly inltrate due to the hydrophilicity of the anhydrite whiskers. The static contact angle for the anhydrite whisker surface is 0 . Fig. 1b shows that the surface of the anhydrite whiskers is coarse aer TEOS modication. An amorphous layer covered the surface of the anhydrite whiskers. The thickness of the coating layer is approximately 15 nm ( Fig. 1b 1 ) , and the hydrophilicity of the anhydrite whiskers has not changed ( Fig. 1b) . To obtain a hydrophobic anhydrite whisker, the TEOS modied anhydrite whisker is chemically modied with longchain OTS. No evident transformation can be observed from the SEM images ( Fig. 1(b and c) ). The anhydrite whisker surface character is changed from hydrophilic to hydrophobic. The TEM results demonstrate that the thickness of the OTS nano-lm is approximately 16 nm ( Fig. 1c 1 ) .
The XRD patterns of the anhydrite whiskers before and aer modication show identical diffraction peaks at approximately 2q ¼ 25 , 31 , 41 , 48 , and 56 , assigned to (020), (210), (212), (230), and (232), respectively (Fig. 2) . The diffraction peaks of the modied anhydrite whiskers remained unchanged ( Fig. 2 (b and c)), indicating that modication reactions occur on the surface of the anhydrite whiskers only. No characteristic diffraction peaks of SiO 2 are observed because of its lower loading content and weak crystallization. On the other hand, it also implies a uniform coating of the modier on the anhydrite whisker surface. By comparing the patterns, the intensity of the characteristic peaks of TEOS modied anhydrite whiskers and OTS modied anhydrite whiskers becomes weaker than that of the bare anhydrite whiskers, which may be attributed to the presence of amorphous SiO 2 and long-chain saline successfully coated onto the surfaces of the anhydrite whiskers 22,23 (Fig. 2 ). Fig. 3 shows the FT-IR spectra of the anhydrite whisker, TEOS modied anhydrite whisker and OTS modied anhydrite whisker. The intense band at approximately 1156 cm À1 is ascribed to the stretching vibration of S-O 24 (Fig. 3(a-c) ). As shown in Fig. 3(b and c) , several bands appeared in the spectra of the TEOS modied anhydrite whisker and OTS modied anhydrite whisker, compared with that of the anhydrite whisker. The band at 954 cm À1 could be ascribed to the bending vibration of Si-OH, which suggests that TEOS is hydrolyzed and adsorbed on the anhydrite whisker surface. In addition, the bands at 456 cm À1 , 795 cm À1 and 1090 cm À1 are respectively attributed to the symmetric and asymmetric stretching vibrations of Si-O-Si. 25, 26 The bands at 2800-3000 cm À1 can be assigned to the symmetric and asymmetric stretching vibrations of -CH 2groups 27,28 (Fig. 3c ), conrming the existence of OTS on the anhydrite whisker surface. Compared with Fig. 3c , there are no -CH 2vibration bands in Fig. 3b indicating that TEOS is hydrolyzed completely.
The XPS full scan spectra of the anhydrite whisker, TEOS modied anhydrite whisker and OTS modied anhydrite whisker are shown in Fig. 4 . All three samples show several main characteristic peaks located at 169 eV, 284 eV, 347 eV and 531 eV, which are respectively attributed to the S 2p, C 1s, Ca 2p and O 1s signals. For the TEOS modied anhydrite whiskers and the OTS modied anhydrite whiskers, aside from the above four types of element, a Si 2p signal at 103 eV is also seen (Fig. 4(b  and c) ). The signal intensities of S 2p, Ca 2p and O 1s are weaker than those of the bare anhydrite whisker, which can be attributed to the thickness of the coating increasing ( Fig. 4(b and c) ). Table 1 shows the elemental content of the anhydrite whisker surfaces. Compared with the raw anhydrite whisker, the TEOS modied anhydrite whisker contains Si (19.03 wt%) and the O/Si ratio is 2.64 (lower than 4), demonstrating that TEOS is hydrolyzed and then partly polymerized on the surface of the anhydrite whisker. Aer OTS modication, the O/Si ratio decreased to 2.15 and the content of carbon increased signicantly (nearly doubled), indicating that OTS exists on the anhydrite whisker surface.
High-resolution spectra of Ca 2p, S 2p, O 1s and Si 2p are shown in Fig. 5 . The FT-IR results indicate that there are Si-OH groups on the anhydrite whisker surface. Si-OH may be adsorbed through hydrogen bond interactions with SO 4 2À on the anhydrite whisker surface. The interaction of the hydrogen and leaves S with a high positive charge, which causes the binding energy of S 2p to increase slightly due to a lower electron density (Fig. 5(a and b) ). Similarly, the binding energy of Ca 2p also increases. Compared with the raw anhydrite whiskers, the binding energy of O 1s increases aer surface modication, demonstrating that the chemical state of O on the anhydrite whisker surface changes from SO 4 2À to Si-O-Si 29,30 (Fig. 5c ).
Aer modication with OTS, the O/Si ratio shows a decrease of 0.49 due to the OTS reacting with silanol groups on the anhydrite whisker surface. The increased bridging oxygen leads to a decrease in the bond length of Si-O and to a decrease in the electron density in the nucleus. The binding energies of Si 2p and O 1s both increased [31] [32] [33] (Fig. 5(c and d) ). Fig. 6 shows the possible mechanism of the anhydrite whisker surface modication. A large number of water molecules is adsorbed on the anhydrite whisker surface due to hydrogen bond interactions. TEOS is hydrolyzed and polymerized on the surface of the anhydrite whisker. There are many silanol groups on the anhydrite whisker surface. Then OTS reacts with the silanol groups and further polymerizes on the anhydrite whisker surface. 34 The Si-OH groups in the interior of the coating are adsorbed on the anhydrite whisker surface by hydrogen bond interactions. The modied anhydrite whisker is not only hydrophobic but also highly stable. This modication can greatly enhance the durability of superhydrophobic coatings. 35, 36 
The superhydrophobic coating
Modied anhydrite whiskers with a low surface energy and high aspect ratio are benecial for enhancing the robustness of the superhydrophobic coating. Fig. 7(a and b) shows the morphology of the superhydrophobic coating and a cartoon of a water droplet deposited on the superhydrophobic coating surface, respectively. Anhydrite whiskers are randomly agglomerated creating pits and pores on the glass substrate surface. The air is trapped in the cavity. It can greatly decrease the solid-liquid interfacial interactions when the liquid droplets are in contact with the superhydrophobic coating surface (Fig. 7a ). This roughness structure is similar to the Cassie-Baxter regime as described in the cartoon, promoting superhydrophobicity 37 (Fig. 7b ). The contact angle of the superhydrophobic coating reaches 151 .
The water repellency of the coating is highlighted in Fig. 8a , where water droplets exhibit typical spherical shapes on the coating surface. Importantly, as shown in Fig. 8b , the coating can be worn without sacricing its original superhydrophobicity. It is important to extend the service lifespan of the superhydrophobic coating. The self-cleaning properties of superhydrophobic coatings are important for their practical applications. Fig. 8(c and d) shows the self-cleaning process of the superhydrophobic coating, which was photographed with a digital camera. The droplets roll down easily from the coating surface and take the contaminant away from the coating surface at the same time, keeping the coating surface clean. This result shows that the as-prepared coating can protect substrates from dust pollution in practical applications. Fig. 9 shows the cross-cut tape adhesion test of the coated sample according to the ASTM D 3359 standard. From Fig. 9b , it can be seen that the coating shows lower removal of the coating from chipping around the cut lines and the cross hatch squares. The cross-cut damage of the coating is rated as 3B according to ASTM D 3359. The results indicate that the coating has good adhesion quality.
Conclusions
In summary, hydrophobic anhydrite whiskers are fabricated by TEOS hydrolysis and condensation and subsequent surface modication with OTS. The thickness of the surface modication coating layer is approximately 15 nm. The contact angle of the anhydrite whiskers can reach up to 123 . The superhydrophobic coating is fabricated via a facile method using hydrophobic anhydrite whiskers. The superhydrophobic coatings show a high contact angle and a self-cleaning effect. The freshly exposed surface created by cutting or abrasion also exhibits superhydrophobicity. We believe that the ndings in this study are important for designing durable and long service lifespan superhydrophobic coatings.
